The sensitivity of Rosa damascena cultured cells to chlorate was measured by plating samples of suspensions in agar containing NaCIO3. This sensitivity depended on the age of the cultures that were plated. Chlorateresistant colonies isolated from 5-to 7-day cultures retained their resistance through many generations of growth in medium lacking NaCIO3; they also retained resistance when mixed with sensitive cells. Treating cell aggregates with ultraviolet (UV) light (254 nanometers), or UV light (360 nanometers) in the presence of 4'-methoxymethyltrioxsalen, increased the proportion that was resistant to NaCIO3. However, the amount of increase was low (three times) and required very specific doses of UV light. The UV treatments did not select for chlorate-resistant cells over chlorate-sensitive cells. The data suggested that UV had induced mutations leading to chlorate resistance. Approximately 15% of the resistant strains did not grow on medium containing nitrate as the sole nitrogen source. These strains lacked ability to reduce chlorate to chlorite. This observation supports the current idea that chlorate toxicity depends on the activity of nitrate reductase. Approximately 85% of the resistant strains grew on medium containing nitrate as the sole nitrogen source. These strains lost catalase activity following chlorate treatment, indicating that they took up and reduced chlorate. These strains have a mechanism for tolerating chlorate and its reduction products, rather than avoiding them.
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In tobacco, Muller and Grafe (11) isolated nine strains on the basis ofchlorate resistance. Seven ofthese strains lacked detectable nitrate reductase and did not grow on medium containing nitrate as the sole nitrogen source. Two other strains had very little nitrate reductase and grew very poorly on nitrate medium. It seems that the presence of nitrate reductase, which presumably reduces chlorate to chlorite, is necessary for the full toxic effect of chlorate to be expressed.
If strains of plant cells that possess both nitrate reductase and chlorate resistance were located, they might provide clues to further steps in the mechanism by which chlorate kills normal cells. Cove (3) discovered a group of chlorate-resistant mutants of A. nidulans that could utilize NO3; at least three separate genes were involved, but these mutants were very rare. One group of chlorate-resistant mutants of N. muscorum (17) retained nitrate reductase activity (inferred, not measured) and lacked nitrogenase activity. Here we report that when strains of Rosa damascena cultured cells are selected for chlorate resistance, only a minor fraction lacks the ability to grow on medium containing nitrate as the sole nitrogen source and probably lacks the ability to reduce chlorate to chlorite; the major fraction retains the ability to grow on nitrate medium and possesses the ability to transform chlorate to toxic products.
MATERIALS AND METHODS
The lethal effect of NaClO3 on higher plants has long been recognized, but the mechanism of chlorate toxicity remains a mystery. Harvey (8) suggested that chlorate oxidized "respiratory chromagens," but presented no evidence beyond the observation that treated tissue turned black. Neller (13) observed decreased catalase in roots of chlorate-treated Convolvulus, but the time between treatment and assay was such (7 months) that the loss of catalase seems more a reflection of chlorate toxicity than an intermediary step.
The chemical reduction of chlorate is one important step in its mechanism of action. The first suggestion of this came from comparisons of chlorate uptake and chlorate residues in sensitive and resistant plants (Yamasaki, 1929, quoted Cultures. The culture of Rosa damascena Mill. var "Gloire de Guillan" has been described previously (12) . Small aggregates of cells were grown in suspension in 25 or 50 ml of liquid medium. The cells were subcultured by 1:10 dilution every 7 days. The media used were adapted from ref. 14: MXG contained 5 mm Na glutamate and 5 mm NaNO3 as nitrogen sources; MX2 contained 10 mm NaNO3 as sole nitrogen source. Cultures were rotated 100 rev/min at 26 C in the dark.
Plating Assay. Cells to be assayed for plating ability were diluted in growth medium to a concentration of 1,000 to 50,000 aggregates/ml. One ml of suspension was mixed in a 15 x 100 mm standard plastic Petri dish with 5 ml of medium containing 0.7% purified agar. The Petri dish was sealed with paraffm film and incubated at 26 C for 28 days. At the end of the incubation period, colonies larger than 1.0 mm in diameter were counted. In untreated plates, the number of colonies was proportional to the number of aggregates plated (over at least the range 100-5,000 aggregates per plate). When used, chlorate was autoclaved in water, then added to sterile medium. (21) . Chlorate in the medium was measured according to White (22) . Nitrate reductase was extracted and assayed according to Wright and Murphy (24) but using the improved buffer of Kuo et al. (10) The addition of NaClO3 to the plating medium strongly reduced the plating efficiency of the aggregates (Fig. 1) NaCl was toxic, but much less than NaClO3: 33 mm NaCl had no effect on plating efficiency, and 100 mM NaCl reduced plating efficiency by only 60%1o (Fig. 1) . The data indicate that the major effect of NaC103 results specifically from the chlorate ion, and is not an effect of Na+ ion, ionic strength, or osmolality. (Table I ). The degree of resistance varied among colonies.
Several strains that were demonstrated to be resistant to NaClO3 were maintained in nonselective liquid culture over a period of 7 to 10 months (more than 120 generations). Most strains retained their resistance (Table I) .
Four of the resistant strains that had been cultured for 7 months were reisolated from single colonies growing in plates containing 56 mm NaClO3. As expected the reisolates were resistant to NaClO3 in further plating experiments (Table I The chlorate resistance of three selected strains, out of four tested, was also expressed when cells were assayed for viability with FDA (data not shown). A 24-h treatment with 10 mm NaCl03 in liquid medium significantly lowered the viability of the parental strain and one selected strain, 4-17-0-2. The other selected strains (30-6, 4-17-0-1, 4-17-0-4) showed less severe responses to the NaCl03: in each case the viability of NaClO3-treated suspension was not significantly different from that of the control incubated without chlorate.
Induction of Chlorate Resistance by UV Light. Treatments with UV light were tested for their ability to induce resistance to NaCl03 in the plating assay. The motivation for these experiments was 2-fold. First, we wished to determine whether these treatments, known to be mutagenic in microorganisms (5) and in a variety of differentiated plant cells (2, 20) , were also mutagenic in cultured plant cells. Second, by applying the test to the chlorate system, we wished to obtain evidence that the acquisition of chlorate resistance was in fact a mutational event.
The first treatment involved far-UV light (254 nm). Samples of cell suspension irradiated with far-UV light showed a dose-dependent loss of colony forming ability (Fig. 4A) . Illumination of plates with white fluorescent light for 48 h after plating reduced the inactivating effect of the UV light, indicating a photorepair of UV damage. The effect of the white light was greater for low doses of UV light than for high doses. Since the best-known photorepair system works through DNA photolyase (7), which splits pyrimidine dimers in DNA, the results suggest that UV is damaging DNA by inducing the formation of pyrimidine dimers, and that the UV treatment is thus potentially mutagenic.
Samples were irradiated with 14, 42, 84, 126, or 252 J/m2 before plating on NaCl03. The fraction of aggregates resistant to NaCO03 appeared to rise with all UV doses, except 252 J/m2 (Table II) .
However, it was highest with 42 J/m2. At this dose, the increase in the frequency ofresistance averaged 3-fold; in nine experiments, it ranged from 1.8-to 12-fold.
The second treatment involved near-UV light (360 nm) in conjunction with a photosensitizing agent, MOMT. MOMT is a psoralen; psoralens intercalate between DNA base pairs, and in the presence of UV light they link covalently to pyrnmidines. UV/ (Table II) . The highest stimulation was by a factor of 3. In this series of five experiments, the frequency of chlorate-resistant colonies appearing in unirradiated suspensions was lower than observed before. We do not know the reason for this variation, but it was not a matter of culture age.
The increase in the frequency of resistance associated with the UV treatments could represent an induction of newly resistant cells or a selection for resistance. The following reconstruction experiment was designed to test the possibility that chlorate-913 resistant cells were UV-resistant and were thus selected by the radiation treatment. Samples of parental (sensitive) and a resistant strain were mixed, irradiated with UV light (42 J/m2, 254 nm), and plated in agar with, and without 56 mm NaClO3. The results were compared to those obtained with the unmixed strains, irradiated and plated in the same way. In two experiments, there were increases in the numbers of chlorate-resistant colonies over those expected (the amounts of increase were 20 and 60%o); in two experiments, the numbers of chlorate-resistant colonies observed equaled those expected; in one experiment, the number of chlorate-resistant colonies observed was less.(by 55%) than that expected. We conclude that the far-UV treatment did not systematically select for chlorate resistance.
The idea that 42 J/m2 of far-UV light induced the formation of new resistant cells is supported by the observation that in five of the nine experiments the fraction ofthe total number ofaggregates, as well as of the viable aggregates, that showed chlorate resistance was higher in irradiated suspensions than in controls.
If UV was acting as a mutagenic agent in these cells, it showed some unusual characteristics. First was the sharp optimum in the dose response relationship; second was the relative ineffectiveness of the optimum treatment, yielding no more than an average 3-fold increase in the frequency of resistance (Table II) . Studies with bacteria and fungi generally show dose response relationships in which the proportion of mutants per viable cell increases, then plateaus, with increasing UV dose (5) though some slight decreases have been observed with very high doses (survival l0-5) (25) ; in these experiments, 100-fold increases in mutant frequency are not uncommon. In higher plant cells, the decrease in the proportion of chlorate-resistant aggregates per viable aggregate observed with superoptimal UV doses could reflect the sensitivity of DNA repair processes to high doses of UV, demonstrated in carrot protoplasts (9) . Thus, even the unusual aspects of UV effects on the frequency of chlorate resistance are consistent with the idea that UV acts as a mutagen in this system. Do the Chlorate-resistant Cells Lack Nitrate Reductase? Because chlorate resistance in other organisms has also been associated with loss of nitrate reductase, we initially expected that resistance to chlorate in rose cells would also be related to nitrate reductase. One indirect test of our expectation involved an attempt to select against chlorate-resistant cells. We reasoned that cells which lacked nitrate reductase would be selected against in medium which contains nitrate as sole nitrogen source (MX2). If a major fraction of chlorate-resistant cells lacked nitrate reductase, then the property of chlorate resistance should occur less frequently in MX2-grown cultures. MX2-grown suspensions were compared to MXG (nitrate plus glutamate)-grown suspensions in the plating assay (56 mm NaClO3 in MXG/agar). The results of five out of six experiments did not support the idea that growth in MX2 selects against chlorate resistance. Overall, the frequency of chlorate resistance was greater in MX2-grown suspensions than in MXG-grown suspensions by a factor of 2.7. It may have been that the lack of reduced nitrogen (glutamate) tended to induce, or select for, some function that led to chlorate resistance. We presume that the function would not involve the lack of nitrate reductase, since cells growing in MX2 need nitrate reductase.
We also tested the abilities of rose cell strains, selected for chlorate resistance, to grow on MX2 medium and to reduce nitrate. Figure 5 shows the results of growth tests performed on the parental strain and on five chlorate-resistant strains. Over the 7-day growth period, the parental strain grew 75% as much in MX2 as in MXG medium; the amount of growth in MX2 medium remained constant over three successive weekly transfers. The strains that had been selected for chlorate resistance fell into two groups. One group showed growth in MX2 similar to that found in the parental strain. The other group grew less in MX2 and showed a trend toward progressively less growth in three succes- sive weekly transfers. Among 53 strains tested as described above, 45 fell into the first group and eight fell into the second group. Thus, the majority of chlorate-resistant strains had the ability to take up and reduce enough NO-for nearly normal growth.
To confirm that strains which grew on MX2 were actually reducing a significant amount of nitrate, we measured in vivo nitrate reduction in seven strains, all of the first group, and in the parental strain. Nitrate reduction was estimated by the loss of nitrate from medium plus cell extract. Reduction of nitrate occurred from day 3 to day 6 (Fig. 6 ) with some variation among strains and experiments. The amount of total nitrate removed from the system was over 90%o. Extracts of 5-day cultures of the parental strain and four resistant strains were assayed for nitrate reductase in vitro. Specific activities in the resistant strains were low (strain BI, 9.7 nmol/mg proteinmh; CI, 11.5; OH, 3.5; 4-17-0-4, 4.6) but higher than was found in parental cells (<0.7 nmol/mg protein h).
The fact that chlorate-resistant strains of rose grow in nitrate medium and can be shown to reduce nitrate does not mean that these strains produce chlorite. The strains could fail to take up chlorate, or their nitrate reductases could lack chlorate-reducing activity. Alternatively, the strains could produce toxic amounts of chlorate-reduction products, but tolerate these products in some way. It proved difficult to investigate chlorate uptake and reduction by direct assays. The amount of chlorate removed from medium by cells of the parental strain proved to be too small to measure, even during the period when most of the nitrate in the medium was taken up. Likewise, the low nitrate reductase activity observed in vitro suggested that chlorate reductase activity would not be measurable.
An indirect assay for chlorate uptake and reduction was devised following observations that chlorite and hypochlorite, but not chlorate, oxidize the heme groups of horseradish peroxidase. We speculated that the same effect would hold for a related enzyme, catalase, inside the rose cells. Figure 7 shows inactivation of catalase in crude rose-cell extracts by NaCl03, NaCl02, and NaClO. Catalase activity was inactivated 50% or more by 3 x l0-4 M NaClO2 or NaClO, but only 35% by 3 x 10-2 M NaClO3. These results matched the loss of heme absorption (400 nm) from peroxidase under the same conditions. At room temperature, the inactivation went to completion in 10 to 20 min. Untreated control extracts were stable, retaining 85-95% activity over 2 h.
When the cells of parental strain were treated with 10 mM NaClO3 for 24 h (from 4 to 5 days of culture), the specific activity of catalase appearing in a crude-extract was reduced to 1 1% of the control value (Fig. 8) . A similar result was found for three strains, 30-6, 4-17-0-2, and 4-17-0-4, which were able to grow on MX2 medium. The data suggest that these strains, which possess nitratereducing activity, also take up and reduce chlorate to a form which inactivates the intracellular enzyme, catalase. In contrast, the loss of catalase was not statistically significant in a fourth chlorate-resistant strain, 4-17-0-1, which showed reduced growth on MX2 medium (Fig. 5) 
DISCUSSION
We believe that the balance of information suggests that the chlorate-resistant strains which we isolated and maintained were genetic, rather than nongenetic, variants of the parental population. The evidence in support of this assertion includes: (a) stability in the absence of selection (Table I) ; (b) increase in frequency of resistance caused by UV, a known mutagen (Table II) (Table I) and types of chlorate resistance (Fig. 5) . However, epigenetic or physiological changes can also lead at least to a short term chlorate resistance. This is shown by the variation in frequency of resistance as a function of culture age (Fig. 2) . Not only was the frequency at 3 to 4 days very high, but the decrease that occurred over the period between 3 and 7 days cannot be explained by a dilution of mutant cells. Thus, the peak of resistance observed at 3 to 4 days of culture represented a reversible physiological change in the cells. The possibility of such a change casts doubt on the nature of resistance that appeared at the other times. In the absence of direct evidence, the genetic basis of chlorate resistance cannot be considered as proven. A demonstration of chlorate resistance in plants regenerated from our strains and attempts at formal genetic analysis of the trait must wait for the development of techniques for regeneration of plants from rose callus.
The study of chlorate-resistant strains has provided useful information about the mechanism of chlorate toxicity. The dependence of chlorate toxicity on intact nitrate reductase genes has been supported by the observation of many independent instances in which cells of species of Nostoc, Escherichia, Aspergillus, Nicotiana, and Chlamydomonas simultaneously become chlorate-resistant and nitrate-nonutilizing. The existence of strains, resistant to chlorate, which lack the ability to grow on medium in which the sole nitrogen source is nitrate ion, suggests that in rose, as in other species, the toxicity of chlorate depends on the presence of nitrate reductase.
In light of Muller and Grafe's report (11) , it is surprising that tnost of our strains that were resistant to chlorate retained full ability to grow on a medium in which the sole nitrogen source was nitrate. There are two general strategies by which such strains might have developed their resistance. One strategy is avoidance of toxic substances, through limiting uptake of chlorate, sequestration of chlorate or its reduction products in the vacuole, or chemical detoxification of the reduction products. A second strategy is tolerance of toxic substances through protection of specific, sensitive cell components, or induced independence of sensitive cell components. Experiments using catalase as an intracellular indicator for the presence of toxic chlorate reduction products suggested that three strains adopted the second strategy. In these strains, catalase was inactivated (Fig. 8) by a chlorate treatment which had little or no effect on the viability of the cells. Since these cells did not die, the loss of catalase did not depend on cell death. In vitro experiments (Fig. 7) suggested that the loss observed in vivo (Fig. 8) resulted from contact of catalase with chlorite or hypochlorite. Thus, these strains tolerated, rather than avoided, the toxic reduction products of chlorate.
The mechanism by which chlorite or hypochlorite kills cells is still unknown. One might predict that substances such as chlorite and hypochlorite might inactivate many essential cell components simultaneously. However, the fact that certain cells can tolerate treatments implies that the lethal damage must be reasonably specific. The tolerant strains should be very useful in identifying the sensitive components, and in determining the mechanism of tolerance. 
